A sensitive method for the analysis of single nucleotide polymorphisms (SNPs) in genomic DNA that utilizes nanoparticle-enhanced surface plasmon resonance imaging (SPRI) measurements of surface enzymatic ligation reactions on DNA microarrays is demonstrated. SNP identification was achieved by using sequence-specific surface reactions of the enzyme Taq DNA ligase, and the presence of ligation products on the DNA microarray elements was detected using SPRI through the hybridization adsorption of complementary oligonucleotides attached to gold nanoparticles. The use of gold nanoparticles increases the sensitivity of the SPRI so that single bases in oligonucleotides can be successfully identified at a concentration of 1 pM. This sensitivity is amply sufficient for performing multiplexed SNP genotyping by using multiple PCR amplicons and should also allow for the direct detection and identification of SNP sequences from 1 pM unamplified genomic DNA samples with this array-based and label-free SPRI methodology. As a first example of SNP genotyping, three different human genomic DNA samples were screened for a possible point mutation in the BRCA1 gene that is associated with breast cancer.
A sensitive method for the analysis of single nucleotide polymorphisms (SNPs) in genomic DNA that utilizes nanoparticle-enhanced surface plasmon resonance imaging (SPRI) measurements of surface enzymatic ligation reactions on DNA microarrays is demonstrated. SNP identification was achieved by using sequence-specific surface reactions of the enzyme Taq DNA ligase, and the presence of ligation products on the DNA microarray elements was detected using SPRI through the hybridization adsorption of complementary oligonucleotides attached to gold nanoparticles. The use of gold nanoparticles increases the sensitivity of the SPRI so that single bases in oligonucleotides can be successfully identified at a concentration of 1 pM. This sensitivity is amply sufficient for performing multiplexed SNP genotyping by using multiple PCR amplicons and should also allow for the direct detection and identification of SNP sequences from 1 pM unamplified genomic DNA samples with this array-based and label-free SPRI methodology. As a first example of SNP genotyping, three different human genomic DNA samples were screened for a possible point mutation in the BRCA1 gene that is associated with breast cancer.
There is currently a major effort to develop rapid, multiplexed methods for the identification and analysis of single nucleotide polymorphisms (SNPs) in human genomic DNA samples both for the detection of specific disease-related genetic mutations and for the large scale analysis of human genetic variations. 1,2 Analysis of a SNP requires the detection and identification of single base pairs in a DNA sequence through either hybridization-based methods or enzymatic reactions. 3 Many of the current multiplexed SNP analysis methods employ DNA microarrays on a variety of substrates in conjunction with fluorescence-based detection. [4] [5] [6] [7] A multiplexed SNP analysis is sometimes performed directly on unamplified human genomic DNA samples, 8, 9 but more frequently, a multiplexed polymerase chain reaction is first employed to create a mixture of PCR amplicons from the various SNPs of interest. [4] [5] [6] [7] Surface plasmon resonance imaging (SPRI) is a rapid, multiplexed method for the label-free detection of surface bioaffinity interactions 10-14 and has been used extensively with DNA microarrays. [15] [16] [17] Can SPRI of DNA microarrays be used for SNP genotyping? SPRI and single channel SPR methods have been used previously to detect single base mismatches in DNA by hybridization adsorption, [18] [19] [20] [21] [22] [23] [24] tion with enzymatic reactions such as ligation or polymerase extension work well in solution, but DNA enzyme reaction conditions typically need to be modified to work well on the gold surfaces required by SPRI. 25, 26 In addition, the detection limit of SPRI for DNA hybridization adsorption of 1 nM 16,17 is sufficient for SNP analysis of mixtures of PCR amplicons, but a lower detection limit (1 pM or better 8, 27 ) is required to detect unamplified genomic DNA. Amplification of the SPRI response to hybridization adsorption by DNA modified gold nanoparticles, 28 coupled bioconjugates, 19, 20 or surface enzyme reactions 16, 27 can in principle be used to achieve sufficient sensitivity for direct multiplexed SNP analysis of genomic DNA samples.
In this paper, we demonstrate that SPRI can be used for SNP genotyping in a microarray-based format amenable to multiplexed analysis. To achieve single base pair selectivity in the SPRI measurements, we employ the sequence-specific surface enzyme reaction of Taq DNA ligase with a DNA microarray. The sequencespecific ligation of DNA has been used previously both in solution 29, 30 and in thin polymer films 31 for SNP analysis; Barany et al. recently described a solution-based Taq DNA ligase SNP genotyping methodology that used zip code DNA microarrays to detect the solution ligation products. 32, 33 To achieve sufficient sensitivity in our SPRI measurements, the surface ligation reaction is detected by the subsequent hybridization adsorption of DNAmodified gold nanoparticles to the surface. This method of nanoparticle enhancement for SPRI was originally employed for DNA detection by He et al. in a sandwich assay format. 28 Using this nanoparticle-enhanced surface ligation strategy, we are able to detect and identify single base mismatches (SBMs) in singlestranded DNA (ssDNA) down to a concentration of 1 pM. As an initial demonstration, SNP genotyping was performed on PCR amplicons from three human genomic samples for a specific point mutation in the BRCA1 gene associated with breast cancer. 34 
EXPERIMENTAL SECTION
Materials. 11-Amino-1-undecanethiol hydrochloride (MUAM; Dojindo); sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SSMCC; Pierce); 9-fluorenylmethoxycarbonyl-Nhydroxysuccinimide (Fmoc-NHS; Novabiochem); and N-hydroxysuccinimidyl ester of methoxypoly(ethylene glycol) propionic acid, MW 2000 (PEG-NHS; Nektar Therapeutics), were all used as received. All rinsing steps were performed with either absolute ethanol or Millipore filtered water. Taq DNA ligase (40 000 units/ mL) and its reaction buffer (20 mM Tris-HCl, 25 mM potassium acetate, 10 mM magnesium acetate, 1 mM NAD, 10 mM dithiothreitol, 0.1% Triton X-100, pH 7.6) were purchased from New England Biolabs and used for all ligation reactions. All experiments were performed at room temperature unless stated otherwise.
DNA Array Fabrication. A multistep chemical protection/ deprotection process described previously was used for the creation of DNA microarrays. 35 Thin gold films (45 nm) with a 1-nm underlayer of chromium were first deposited onto SF-10 glass (Schott Glass) using a Denton DV-502A metal evaporator. The gold substrates were then modified with a self-assembled monolayer of an amine-terminated alkanethiol MUAM. This MUAM surface was next reacted with the hydrophobic protecting group Fmoc-NHS. UV photopatterning of the Fmoc surface with a quartz mask containing 500-µm-square features was used to create bare gold patches within the hydrophobic Fmoc background. The bare gold spots were then exposed to a MUAM solution for 2 h before manually spotting SSMCC onto the MUAM array elements to form a thiol-reactive maleimide-terminated surface. Thiol-modified sequences of DNA were then manually spotted onto the individual SSMCC array elements. After the DNA attachment reaction, the Fmoc background was removed with a mildly basic solution and replaced by a poly(ethylene glycol) (PEG) surface that is resistant to nonspecific adsorption of oligonucleotides and Taq DNA ligase.
Preparation of Synthetic Oligonucleotides. All the DNA sequences used in this paper are listed in Table 1 . Synthetic oligonucleotides were purchased from Integrated DNA Technologies (IDT). All thiol-modified oligonucleotides were deprotected and purified using binary reversed-phase HPLC prior to use. Thiolfree oligonucleotides were HPLC-purified by IDT and used as received. Array probe oligonucleotides were attached to the DNA microarray via a 5!-thiol modification. The array probes (P A , P C , and P G ) differ only at the last nucleotide at the 3!-termini with P N used as a negative control. All array probes are 20-mers with an additional (T) 20 spacer at the 5!-end to improve the accessibility of the surface-bound DNA to DNA hybridization and Taq DNA ligase. The ligation probe (L) has a 5!-phosphate group modification. The oligonucleotide (L C ), which is complementary to L, has a 5!-thiol modification for attachment onto gold nanoparticles.
PCR Amplification of Genomic DNA. Three different genomic DNA samples were individually PCR-amplified: a wild-type genomic DNA sample (Promega) and two different genomic DNA samples with a point mutation in exon 13 of the BRCA1 gene (NA13710 and NA14637 from the Coriell Institute). HPLC-purified PCR primers from IDT were used as received. Primer sequences (Table 1) for the amplification of exon 13 were obtained from the literature. 36 PCR was performed in multiple 50-µL reaction sets, each containing 250 ng of genomic DNA, 0.2 mM dNTP (Promega), 50 pmol each of BRCA1 gene primer, one Hot Start Polymerase TaqBead (Promega), 5 mM MgCl 2 , and 1× thermophilic DNA polymerase reaction buffer (Promega). The amplification reaction was performed on a thermal cycler (MJ Research, model PTC-100) with 5 min at 95°C, followed by 30 cycles of 1 min at 95°C, 1 min annealing at 58°C, 1 min of primer extension at 72°C, and a final extension at 72°C for 5 min. PCR products were purified using the Wizard PCR Preps DNA Purification System (Promega), lyophilized, and resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5). The presence of each expected 260-bp amplicon was confirmed by gel electrophoresis using a 1% agarose gel. The concentration of each amplicon was determined by measuring UV absorption at 260 nm. PCR products were stored at -20°C until required for the surface ligation reaction.
Surface Ligation Reaction Conditions. Ligation with Synthetic Oligonucleotides. Probe DNA microarrays were reacted with a mixture of Taq DNA ligase (800 units/mL), 1 µM ligation probe DNA, and target oligonucleotide in Taq DNA ligase reaction buffer for 2 h.
Ligation with PCR Products. PCR amplicon was first diluted to 1 nM with Taq DNA ligase reaction buffer before heating at 95°C for 5 min. Both ligation probe and Taq DNA ligase were then added to the heated solution with final concentrations of 1 µM and 800 units/mL, respectively. Next, the 95°C solution mixture was immediately introduced to the DNA microarray and allowed to react at room temperature for 2 h.
Preparation of Oligonucleotide-Modified Au Nanoparticles. Preparation of Gold Nanoparticles. Gold colloid was prepared following procedures described previously by Natan et al. 37 Briefly, 20 mL of 38.8 mM sodium citrate solution was added quickly to a 200-mL boiling solution of 1 mM HAuCl 4 while stirring vigorously under reflux conditions. Boiling and stirring was continued for 15 min after no further change in solution color was observed. This colloidal solution, which has a λ max at 518 nm, was then stored at 4°C after cooling. Gold nanoparticles prepared using this method are known to have average diameters of 12-13 nm with a standard deviation of less than 10%. 37 DNA/Au Conjugate Preparation. DNA/Au nanoparticle conjugates were prepared using procedures described by Keating et al. 38 Briefly, 50 µL of freshly purified 100 µM thiol-modified oligonucleotide was added to 800 µL of Au nanoparticle solution in an Eppendorf tube. The tube was then placed in a heat block at 37°C for a minimum of 4 h before the addition of 230 µL of H 2 O and 120 µL of 1 M NaCl/100 mM phosphate (pH 7.4). After aging overnight at 37°C, excess oligonucleotide was extracted by centrifugation at 9500 rpm (7500g) for 50 min with the removal of supernatant and resuspension of the Au pellet in 0.1 M NaCl/ 10 mM phosphate buffer (pH 7.4) repeated three times. After the final centrifugation, the Au pellet was resuspended in 0.3 M NaCl/ 10 mM phosphate buffer (pH 7.4) with a final concentration of ∼10 nM. This concentration was obtained from UV-vis spectroscopy using an extinction coefficient of ∼2 × 10 8 M -1 cm -1 , as described previously. 38 All surface hybridization adsorption experiments using DNA-modified nanoparticles were performed with 0.3 M NaCl/10 mM phosphate buffer (pH 7.4) at room temperature.
SPR Imaging Measurements. An SPR imager (GWC Technologies) 17 using near-infrared excitation from an incoherent white light source was used for SNP genotyping. Briefly, a polychromatic beam of p-polarized light is used to illuminate a sample assembly at a fixed incidence angle near the SPR angle. The reflected light is passed through a narrow band-pass filter centered at 830 nm and collected with a CCD camera. Changes in the measured reflected light intensity are a direct result of changes in the local refractive index at the gold surface. Data are collected using the software package V++ 4.0 (Digital Optics, NZ) and further analyzed using the software package NIH Image V.1.63.
RESULTS AND DISCUSSION
SPRI SNP Analysis Methodology. A combination of surface hybridization, surface ligation, and nanoparticle adsorption on DNA microarrays is used to detect and identify SNPs with SPRI. The general scheme of this SNP genotyping method is illustrated Figure 1 contain the ssDNA 20-mer array probes P G and P A . The two-array probe DNA sequences are covalently attached at the 5!-ends to a chemically modified gold surface, and differ by only the last nucleotide at their 3!-termini (G for P G and A for P A ). The target DNA molecules hybridize simultaneously to the ligation probe and the array probes, resulting in the formation of two different three-component surface complexes shown in the figure, L-T-P G and L-T-P A . In this example, P G is perfectly complementary to the target molecule, whereas P A forms a single A-C mismatch. Since Taq DNA ligase will only catalyze the formation of a phosphodiester bond between the juxtaposed 5!-phosphate and 3!-hydroxyl groups of two ssDNA when they are perfectly complementary to a hybridized target, the ligation probe will be specifically ligated to P G but not to P A . On completion of the ligation reaction, an 8 M urea wash is used to denature and remove any target, nonligated L and Taq DNA ligase from the surface, resulting in an array with ligated L-P G array elements and unreacted P A array elements. The creation of only ligated L-P G array elements indicates that the target sequence contained a C at that specific base location, and not a T.
The detection of the ligated L-P G array elements is achieved through the hybridization adsorption of gold nanoparticles modified with ssDNA 16-mers L C that are complementary to the ligation probe sequence. The SPRI signal due to this nanoparticle adsorption will be substantially larger than the SPRI signal change due solely to the surface ligation reaction. DNA-nanoparticle conjugates have been employed previously in a sandwich assay format for the amplified SPR detection of ssDNA and can lower the ssDNA detection limit of SPRI measurements from nanomolar down to picomolar concentrations. 28 Single Base Pair Identification in Oligonucleotides. To verify the single-base specificity of this SNP analysis method and to determine the sensitivity of this novel SPRI detection methodology, we first performed an experiment to identify a single base pair in a 36-mer ssDNA target T. The sequence of this 36-mer is given in Table 1 . A four-component array consisting of probes P A , P C , P G and P N was used to determine the identity of the base at position 20 from the 3!-end of the target molecule. The array probes P A , P C and P G were terminated at their 3!-ends with 20-mers that were all complementary to the 19 bases at the 3!-end of T but differed only by the last nucleotide at their 3!-termini (see Table 1 for complete DNA sequences). Probe P N was a poly-T negative control sequence. To create the surface ligation reaction, a solution containing T, a 5!-phosphorylated 16-mer ssDNA ligation probe L that is complementary to the 16 bases at the 5!-end of T, and Taq DNA ligase were introduced simultaneously to the DNA microarray. Various target DNA concentrations were investigated while the concentrations of L and enzyme remained fixed at 1 µM and 800 units/mL, respectively. All probes P A , P C , and P G hybridized with T and L to form surface duplexes; however, the surface ligation of L should only occur with the probe P G , since both probes P A and P C form SBMs with T. After 2 h, the DNA microarray was rinsed with 8 M urea.
To detect any surface ligation reactions, the DNA microarray was then exposed to a ∼10 nM solution of gold nanoparticles coated with the 16-mer ssDNA L C that is complementary to the ligation probe L. Figure 2a shows the SPR difference image obtained from a T concentration of 10 pM. Specific hybridization adsorption was observed only on the P G array elements, and no nonspecific adsorption was observed either on the other array elements or on the PEG background. The signal increase on the P G array elements is ∼1.5% ∆R, as shown in the line profile in Figure 2b . This experiment clearly demonstrates that this SPRI detection methodology can be used to identify single base pairs and mismatches at picomolar concentrations.
An essential component of this technique is the Taq ligase surface ligation; a high surface ligation efficiency will lead to high SNP detection sensitivity. In a separate set of experiments (not shown), the surface ligation efficiency was roughly estimated by comparing the SPR signals obtained from the hybridization adsorption of the same complementary ssDNA to (i) a microarray fabricated by ligating the probe DNA onto the surface and (ii) a microarray in which the same probe DNA was chemically attached via thiol modification. Assuming a similar hybridization efficiency for the two DNA microarrays, a surface ligation efficiency of ∼75 ( 15% was obtained. This surface reaction efficiency is comparable to what we have observed previously with T4 DNA ligase. 39, 40 To determine the detection limit of these nanoparticleenhanced SPRI single base pair identification and SBM detection measurements, the same experiment was repeated at a target concentration of 1 pM. This experiment was performed at 45°C instead of room temperature, resulting in a slight improvement in ligation efficiency. As can be seen from the line profile in Figure   2c , the 0.4% increase in SPRI reflectivity associated with the detection of L at P G array elements is clearly distinguishable from the background. This detection limit for SBMs is better than the previously reported 10 pM for the direct detection of oligonucleotides via hybridization adsorption using nanoparticle-enhanced SPRI measurements. 28 In addition, a detection limit of 1 pM is comparable to that obtained from the fluorescence imaging measurements that are typically used in multiplexed DNA microarray analyses. 41, 42 SNP Genotyping in the BRCA1 Gene. Having demonstrated the concept of single base pair identification and SBM detection with synthetic oligonucleotides, we then applied this method to the SNP genotyping of PCR products from human genomic DNA samples. A SNP located in the BRCA1 gene linked to breast cancer was chosen. Mutations in the BRCA1 gene are thought to be responsible for more than 80% of hereditary breast and ovarian cancers. 43 A variety of methods, such as single-strand conformation polymorphisms assay and DNA sequencing has been utilized previously for the screening of BRCA1 mutations. 34, 36 DNA microarray based SNP genotyping methods are attractive because they are more amenable to automation and multiplexed analysis.
The SNP that we chose to determine is a common point mutation in the BRCA1 gene located in codon 1443 of exon 13. 34 The genomic DNA samples used in this study include one wildtype sample (Promega) and two mutant DNA samples (Coriell Institute). The wild-type DNA from a breast cancer-free population is homozygous with a base C at nucleotide 4446. The mutant DNA samples are both heterozygous containing a wild type and a different mutant allele at this position. DNA sample NA13710 has a C-to-G missense mutation, and NA14637 has a C-to-T nonsense mutation. To identify the genotype of each of these genomic DNA samples, exon 13 of the BRCA1 gene was PCR-amplified (see Table 1 for primer sequences) to create a 260-base-pair PCR amplicon that contained nucleotide 4446.
SNP genotyping was then performed using a four-component DNA microarray containing array probes P A , P C , P G , and P N (see Table 1 for sequences). These DNA probes were specifically designed to bind to the alleles containing the SNP of interest. Probe P G is the perfect complement to the wild-type allele; probe P C is the perfect complement to the mutant allele in NA13710; and probe P A is the perfect complement to the mutant allele in NA14637. The PCR product was first denatured at 95°C for 5 min and quickly mixed with the ligation probe (L) and Taq DNA ligase. This solution was then immediately introduced to the fourcomponent microarray and allowed to react for 2 h. The array probe and ligation probe both bound to the allele of interest and formed a ligase substrate similar to that depicted in Figure 1 . After surface ligation and urea denaturation, the SNP genotype was identified by the detection of nanoparticle hybridization adsorption to any ligated array elements.
The SNP genotyping results for the three different genomic DNA samples are shown in Figures 3-5 . For the wild-type genomic DNA, ligation was observed only on the P G array elements to give the SPRI difference image for the hybridization adsorption of DNA-nanoparticle conjugates in Figure 3 . This result clearly verified that the genotype of the wild-type DNA sample is a C-C homozygote. Note that in all of the SPRI images in Figures 3-5 , there is negligible nonspecific adsorption of DNA-nanoparticle conjugates on any of the other array elements or the PEG background.
SPRI difference images from the two mutant samples are shown in Figures 4 and 5 . For the NA13710 Coriell sample, the SPRI difference image in Figure 4 showed a signal increase at both the P G and P C array elements, which indicates the presence of both the wild-type C allele and the G mutant allele. This unequivocally identifies NA13710 as a C-G heterozygote. Similarly, the SPRI difference image for the NA14637 sample in Figure  5 shows a signal increase at the P G and P A array elements and identifies this sample as a C-T heterozygote.
Examination of the line profiles in Figures 3-5 shows comparable SPRI reflectivity changes were observed for all of the ligation reactions except for the P C array elements in Figure 4 . One possible explanation for the decreased signal intensity at P C array elements is the formation of a hairpin structure, which lowers the hybridization efficiency of the PCR amplicon, resulting in a reduction in surface ligation efficiency. DNA folding calculations (http://www.bioinfo.rpi.edu/applications/mfold/) indicated the presence of a stable hairpin structure in P C (∆G°) -2.9 kJ mol -1 ; Tm ) 33.3°C) but not in P A or P G .
CONCLUSIONS
In this paper, we have presented a new SPRI methodology for SNP genotyping that uses a unique combination of a surface enzymatic ligation reaction in conjunction with gold nanoparticleenhanced hybridization adsorption on DNA microarrays. The SNP is identified by the direct ligation of an oligonucleotide onto a DNA microarray element; using a surface enzyme reaction allows for the facile separation of the ligation products from any reactants or enzyme in solution. The use of DNA-modified gold nanoparticles to detect the surface ligation reaction greatly enhances the sensitivity of this SNP analysis. The combination of SPRI and DNA microarrays for SNP genotyping is very attractive because it can be multiplexed; the simultaneous analysis of multiple SNPs should Figure 3 . SNP genotyping of a 1 nM PCR amplicon of wild-type genomic DNA. A four-component probe DNA microarray (PA, PC, PG, and PN) was first exposed to a solution containing target PCR amplicon, ligation probe DNA and Taq DNA ligase for 2 h, followed by a surface denaturation step. The SPR difference image after specific hybridization adsorption of L C -modified nanoparticles onto the ligated microarray is shown along with the corresponding array pattern and line profile. An SPRI signal increase observed at only the PG array elements identifies the wild-type sample as being a C-C homozygote. Figure 4 . SNP genotyping of a 1 nM PCR amplicon of genomic DNA sample NA13710. The SPR difference image shows the hybridization adsorption of L C -modified nanoparticles onto a fourcomponent DNA microarray (PA, PC, PG, and PN) following surface ligation and denaturation. The array pattern and corresponding line profile are also shown. In contrast to the wild-type DNA sample in Figure 3 , an increase in SPRI signal was observed at both the PG and PC (boxed) array elements, identifying NA13710 as being a C-G heterozygote. Figure 5 . SNP genotyping of a 1 nM PCR amplicon of genomic DNA sample NA14637. An SPR difference image was obtained by subtracting images taken before and after the exposure of L C -modified nanoparticles to a ligated microarray prepared in a manner identical to that in Figures 3 and 4 . The array pattern and corresponding line profile are also shown. The SPRI signal increase observed at both the PG and PA (boxed) elements identifies the NA14637 sample as a C-T heterozygote.
be possible with larger DNA microarrays and multiple PCR amplicons. Moreover, this SPRI SNP analysis methodology is label-free and can, in principle, be used directly on unamplified genomic DNA samples. The current detection limit of 1 pM is sufficient for the analysis of concentrated genomic DNA samples, 8 and by exploring different amplification methods, we expect that the detection limit can be further lowered into the femtomolar range for multiplexed SNP genotyping of dilute unamplified genomic DNA samples.
